Abstract. The processes controlling total carbon (C) storage and release from the terrestrial biosphere are still poorly quantified. We conclude from analysis of paleodata and climatebiome model output that terrestrial C exchanges since the last glacial maximum (LGM) were dominated by slow processes of C sequestration in soils, possibly modified by C starvation and reduced water use efficiency of trees during the LGM. Human intrusion into the C cycle was immeasurably small. These processes produced an averaged C sink in the terrestrial biosphere on the order of 0.05 Pg yr-1 during the past 10,000 years.
INTRODUCTION
The atmosphere annually exchanges about as much carbon (C) with the terrestrial biosphere as with the oceans. Ocean-atmosphere CO2 exchanges have been calculated consistently, if not necessarily accurately, within a narrow range of values for the past 20 yrs (Keeling, 1973; Tans et al., 1990; Orr, 1993) . The problem of ocean-atmosphere interaction in the global C cycle has been both tractable and attractive for analysis as a three-dimensional problem using the principles of physical chemistry and fluid dynamics.
The terrestrial biosphere requires a different kind of analysis. Vegetation stands and communities are largely independent of one another so the problem becomes one of modelling one-dimensional exchange processes at a very large number of points. These processes are not yet documented accurately enough to allow comparably consistent estimates of net C uptake or release.
More precise measurements of C storage and release under current conditions are therefore a necessity. Improvements in our information on present C stocks are a real possibility and are being undertaken in many places in the world (e.g., Botkin and Simpson, 1992; Simpson and Botkin, 1993; Scharpenseel, 1993) . However, with the exception of ice core data reflecting overall atmospheric composition, direct measurements of C dynamics 1000 or 10000 yrs ago are nearly impossible, being replaced at best by proxy data of some kind. Similarly, estimates of the magnitude of future C exchanges can only be undertaken via mathematical models, incorporating the processes which we believe will be most important in defining future C dynamics. The more accurate is our understanding of these processes, the more valid will be the modeled results of future biospheric response to changing atmospheric chemistry and climate. This emphasis on processes may seem self-evident, but it is often disregarded. Projections of future C dynamics are unlikely to be correct if we use a model that merely reproduces the patterns of the present or past world without explicitly representing the processes involved.
The analysis which follows focusses on forests because they possess about 80% of the global terrestrial C stocks. We use the biome as our fundamental ecological unit. We work at the scale of 1/2 X 1/2 o of latitude and longitude, aggregated to the global scale in a static model of the terrestrial biosphere. This scale is apparently a valid one at which to describe terrestrial biosphere C storage changes during the past several millennia although it is still too coarse to directly represent many of the processes determining land-atmosphere C exchange. We first outline the processes causing change in C stocks since the Last Glacial Maximum (LGM). Then, estimated LGM C stocks are compared to C stocks today and to potential future C stocks corresponding to the equilibrium state of a "2 X CO2" world. We then assess the so far least evaluated process involved in modifying the trend toward this equilibrium state; namely, the population-and climate-dictated increase in the intensity and cover of agricultural land use. The major simulation data sets used for this study are the result of equilibrium runs of general circulation models with conditions of the LGM and of doubled CO2; the Biome model of Prentice et al. (1992) , which predicts equilibrium biome distribution as a function of climate and soils; and a new scheme to predict the potential distribution Of agriculture based on climatic constraints.
Carbon Exchanges since the Last Glacial Maximum
The geography of the terrestrial biosphere was considerably different 18,000 yrs ago. The greatest differences from today were above 30o latitude. Continental ice sheets and open tundra covered most areas above 45 o (Figure 1 a) and many of today's high-latitude biomes then were found only in what now are temperate regions (Figure lb) . The area of "boreal" forest, forming the wide, continuous circumpolar band so characteristic of the modern world ( Figure  lb) , was fragmented and occupied only about one-fifth of its current area (Figure la) . This counter-intuitive feature of the colder LGM world is borne out by recent syntheses of paleoecological data describing vegetation distribution at the LGM (e.g., Huntley and Webb, 1989; COHMAP Members, 1989; . In low latitudes, tropical forest was reduced within its current area, but tropical forests may also have covered a more-or-less compensating area that was later inundated during the melting of the ice sheets (Figure 1 a, b) :
The total terrestrial C stocks of this colder world were reduced compared to those of today despite lower sea-level. If today's C density values, measured in each biome in biomass (Olson et al., 1983) and in soil C (Zinke et al., 1984) , are assigned to the area covered by biomes projected during the LGM, then C storage of the LGM was approximately 300 Pg (+ 100 Pg) less than that of the pre-industrial modern world (Table 1) . This value excludes the great peat blankets of high latitudes which originated after 6,000 yrs ago. Assuming that these peats contain an additional 200 to 400 Pg of C (Gorham, 1991) , the difference between modern and LGM terrestrial C stocks was probably between 400 and 700 Pg, i.e., 1/5 to 1/3 less C was stored during the LGM than today . This range of values is consistent with independent estimates based on mean 013C changes in the global ocean, within the rather broad uncertainty limits of those estimates.
In addition to C gains since the LGM suggested from direct projections of present C storage into the past, reconstructions of some LGM forests suggest that less C was stored in biomass per unit area than in the most similar present-day forests (e.g., Webb, 1987a) . Forest stand simulations of LGM forests (Solomon and Tharp, 1985) also suggest that the temperate and boreal forest biomes in the eastern U.S. contained lower biomass than do their modern counterparts but this effect has not been quantified at the global scale.
Much of the net C sequestration that appears to have occurred in the terrestrial biosphere since the LGM probably occurred after about 12,000 to 10,000 yrs ago, the time of most rapid deglaciation. Hence, 0.03 to 0.07 Pg C yr-I is a coarse estimate of average C sequestration rates during the Holocene. Recent model analyses (Harden et al., 1993) suggest that soil C sequestration in boreal regions varied during this period, steadily increasing since the early Holocene, increasing most rapidly between 8,000 and 4,000 yrs ago, and maintaining the greatest C sequestration rates since about 4000 yrs ago. But as yet there has been no serious attempt to reconstruct global soil C storage dynamically through the period since the LGM.
The forces responsible for carbon content of the terrestrial biosphere during the past 20,000 yr are discussed below. It is notable that effects of human activity on C fluxes and stocks was probably immeasurably small until the 19th century (Kates et al., 1990) .
CARBON STARVATION
Enhanced atmospheric CO2 concentrations are known to increase the rate of photosynthesis, and to increase the amount of C which can be fixed from the atmosphere per unit of water used. In glasshouse environments these effects translate into increased production and biomass especially if water availability is reduced. There is still no direct evidence for such effects in forested wildland vegetation. But if they occur today, then they also must have operated with reversed effects during the LGM; the 190 to 200 ppmv of CO2 measured in ice cores from the LGM (e.g., Raynaud et al. 1993) approaches the minimum concentration (50-100 ppmv) at which C 3 plants can grow unde r natural conditions. suggested that low CO2 concentrations during the LGM could explain the dearth of late-successional tree species at that time. Combined with a weaker hydrological cycle associated with colder global climate, and greater requirements for water per unit of carbon fixed, low CO2 concentrations could be responsible for the open park-like woodlands suggested by fossil pollen evidence from unglaciated eastern North America (Webb, 1987) .
DELAYED TREE IMMIGRATION
A second process of potential importance in regulating rates of C sequestration in the terrestrial biosphere is delayed immigration of trees. Climate may have changed much more rapidly than tree populations can spread by continual and sequential transport of seed, growth to maturity and subsequent transport of seed. This process could be responsible for the absence of tree species that can take maximum advantage of local conditions to accumulate greater C density than the less suitable species that they replace. M.B. Davis (1976 Davis ( , 1981 Davis ( , 1983 hypothesized that tree species arrival in regions to which they may have been adapted since early in the Holocene could have been delayed by up to several thousand yrs. However, no definitive evidence has emerged that any barriers other than major water bodies or large mountain ranges have kept species from migrating as rapidly as climate allowed (e.g., Davis et aI., 1986; . Indeed, recent analyses indicate few anomalies in taxonomic composition during the Holocene (Overpeck et al., 1992) suggesting that continuous climate changes during the whole period since the LGM have paced species migrations on a millennial time scale (Davis, 1990; Prentice et at., 1991) . Delayed immigration under rapid future warming could exert a stronger effect because climate is expected to change at a rate about an order of magnitude faster than measured species migration rates (Solomon etal., 1984; Davis, 1990 ).
2.3.
SOIL CARBON ACCUMULATION C starvation and delayed immigration are factors that could influence the amount of C stored in terrestrial systems at any specified time. However, the behavior of the terrestrial biosphere as a continuous source or sink for atmospheric C over long time periods is ultimately controlled by soil processes. Areas too cold or too dry to support decomposition rates which match or exceed net primary production rates accumulate organic C. The process is illustrated by today's organic C content of glaciated soils that were originally free of organic C (e.g., Harden et al, t993), a process which has continued throughout the Holocene. Net accumulation of soil C in a warmed future will decrease through increased net soil respiration if cold soils warm in the presence of moisture, or dry soils become moist in the presence of warm temperatures,
Carbon Cycling in the Modern and Future Terrestrial Biosphere.
The C content of today's terrestrial biosphere has been calculated from isolated samples of above and below-ground vegetation. For the pre-industrial modem world without agriculture, the biomass estimate by Whittaker and Likens (1975) (Manabe and Wetherald, 1987) increase aboveground (80 Pg), decrease below-ground (64 Pg), and increase slightly in total C (16 Pg in a budget of 2,200 Pg). Other future climate scenarios (e.g., OSU, Schlesinger and Zhao, 1989; GISS, Hansen et al., 1983; UKMO, Mitchell, 1983) generate the same trends in sources and sinks although C stock values differ somewhat among scenarios (41-103 Pg increases, Cramer and . Other analyses of terrestrial C stocks under future changed climate using the Holdridge Life Zone Classification, reach qualitatively similar conclusions (e.g., Sedjo and Solomon, 1989; Leemans, 1989; Prentice and Fung, 1990; Smith et al., 1992; King and Neilson, 1992) , i.e., the terrestrial biosphere stores more C under the stable climate and vegetation of a doubled atmospheric CO2 concentration than it does under present conditions. The results of Cramer and indicate that the increase in above-ground C stocks is derived from replacement of low-C density tundra by high-C density boreal forest, while other low and high C density biomes essentially replace one another without significant C gain or loss. Meanwhile, below-ground C losses reflect increased area of low-C soils in tropical regions, and loss of high-C soils in tundra regions again with other replacements essentially canceling out C losses with gains.
We expect that the history of the next 100 to 200 yr will document that the foregoing estimate of global C cycle response to future warming is very inaccurate, probably much less accurate than even the values which result from our reconstructed patterns of postglacial C storage and release. Several difficulties are apparent. Even if the effects of processes involving climate change and C fertilization, which probably dominated C stocks during postglacial time, were the only ones of importance in the future, the foregoing assessment of future C fluxes would be improbable because it assumes significant conditions which are patently false. The foregoing estimate of terrestrial C stocks assumes that no manipulation of C stocks will be induced by new governmental policies, that the successional state of forests will be the same in the future as it is now, that the productivity and C storage capacity of biomes in the future will be as great as it is now, that species adapted to new climates will be available to grow there, that land-use in the form of agriculture will be unchanged, and that biomes with their intact soils and C content can be reformed in new areas instantaneously.
PROCESSES ENHANCING TERRESTRIAL CARBON STORAGE

Fertilization of forest growth by atmospheric C02.
This topic is the opposite side of the coin from that discussed as "C Starvation" above. Assumed to be a major unmeasured terrestrial C sink (if not "the missing sink") for many years, C fertilization is reviewed in detail by Vloedbeld and Leemans (1993) . In essence, it is known in glasshouses to simultaneously increase C fixation, decrease water use, and increase allocation of C to storage organs, particularly to the roots. Because the long lived forests both store the majority of the global terrestrial C, and because their long turnover times identify forests as a future means for C storage management practices, the fertilization question is largely a forest biology question. Absence of certain critical biological information (Ki3rner, 1993) makes current modeling attempts provisional, but the process must be quantified.
Forest management for C sequestration.
This topic is considered in detail both in papers in this volume (e.g., Sampson, 1993; Trexler, 1993; Wright and Hughes, 1993; Kursten and Burschel, 1993; Dixon et al., 1993; Sampson et al., 1993) . Clearly, mitigation efforts could have a measurable impact on atmospheric CO2 concentrations, if the efforts enhance C storage in vegetation over variable times (10s to 100s of yrs), if enough young forests can be continuously cropped for forest products, or if C released in one sector is offset by its short-term replacement elsewhere. Models must be developed which allow the simulation of effects by management approaches if we are to calculate their potential value.
Synchronized early forest succession.
Evidence is accumulating from several forest zones (e.g., Boreal forests, ; temperate zones, Kauppi et al., 1992; tropical zones, Brown et aL, 1992; Brown, et al., 1993 ) that recent disturbance (by burgeoning human populations?) has produced much more young forest than expected, in essence "synchronizing" the majority of forests into an early successional state. These forests may be significant net C sinks, at least until succession proceeds to more slowly-growing species. If a large proportion of global forest stocks during the next 50 yr or so is replaced by agriculture, or is preserved from recutting, this sink would essentially disappear. This suggests that we must include forest successional processes in C cycle models if they are to project changes over several decades or longer.
Other processes which can produce significant enhancement of terrestrial C storage are also possible but the foregoing seem most important at present. Processes likely to result in net C releases to the atmosphere in the future also need to be incorporated into models. The most important of these are described briefly below.
3.2.
PROCESSES ENHANCING TERRESTRIAL CARBON RELEASE
Forest dieback.
The climate shift over the next 100 yrs is projected at a rate so fast that many forest species will be subject over much of their geographic ranges to climates which they do not tolerate today (e.g., Davis and Zabinski, 1991) . The increasing climate stress is expected to cause widespread tree mortality, a process taking a few years, with subsequent forest regrowth requiring many decades to centuries even in the absence of continuing climate stress. Forest succession model experiments simulated a release 11 Mg C ha-1 during 100 yrs (to CO2 doubling) in eastern North America despite concurrent afforestation in the highest latitudes (Solomon, 1986) . In addition, the current presence of synchronized early succession implies a synchronized late-succession in 50 to 100 yrs unless the agents which caused the forest disturbance continue to operate. As forests age, they become increasingly sensitive to stress and to resulting mortality; if synchronized, such dieback would generate a "pulse" of CO 2 release to the atmosphere (Solomon, 1986; King and Neilson, 1992; Smith and Shugart, 1993) .
Delayed immigration.
Unlike the apparent similarity of warming rates and migration rates during postglacial time, the migration northward by the projected July isotherm of 400 to 600 km century-1 under General Circulation Model (GCM) warming scenarios is about an order of magnitude faster than the fastest tree migration rates calculated from pollen data deposited during the past 20,000 yrs (e.g., Davis, 1983; Gear and Huntley, 1989) . The great global latitudinal belts of intense agriculture as barriers to south-north migration are likely to reduce migration speed compared with the slow Holocene rates in many regions. If climate induced by doubled CO2 requires a century to appear, Solomon and Bartlein (1992) calculated that 50 to 100 yrs later appropriate tree species for a given region would disappear, while new ones would be too far away to immigrate. The result is that the residence time of CO2 in the atmosphere could increase as species-depauperate forests decline in C capacity over large areas.
Tree life cycles.
A related set of considerations involves life cycles of trees; temperate zone tree species reach reproductive maturity in closed stands some 45 to 50 yrs after establishment, and boreal conifers, after 25-30 yr. The conditions needed by current seedlings may not be present if trees are planted which can survive as adults some 25-50 yr later. Conversely, seedlings appropriate to today's conditions could possess adult stages which cannot survive the future climate (Solomon and West, 1985; Solomon and Leemans, 1990) .
In addition, the conditions needed by each species to establish, to grow to maturity and to produce viable seeds differ. Of course, by definition, these differing conditions occur in the same locality within each species' geographic range. The rapid change of certain climate variables, e.g., winter temperature, suggests the disintegration of covarying conditions required for life cycle completion during less than a life cycle of time (ibid.). Populations of trees unable to complete their life cycles become extinct. The processes decoupling tree life cycles from climate and delaying migration have similar effects on C cycling; they act to lower the C carrying capacity of forests by limiting species to those which can grow quickly and can migrate quickly. These are early successional, sun-loving species which grow rapidly but without the large C carrying capacities exhibited by late successional forests in most places.
Soil Carbon losses.
Considerable debate exists about the potential losses of C sequestered in soils (e.g., Scharpenseel, 1993) . The concern involves a C pool which is probably twice the size of the above-ground C stocks (Zinke et al., 1984) . Predictions of global warming suggest increased soil respiration, a process which may release C at a greater rate than it can be stored by photosynthesis. Raich (this conference) documented process-level considerations to indicate that warm, moist areas of the tropics, subtropics and warm temperate zones are most likely to generate such a pulse of soil C to the atmosphere. Other workers have concentrated on the much larger stocks of C in high latitude soils and peats, visualizing their release both as CO2 and as CH4 when temperature-sensitive permafrost soils warm. The soil C cycle eventually could be the most important process in defining transient C pools of the terrestrial biosphere.
Increasing agricultural land use.
A global population which is doubling every 35 yr will require increased food supplies from dwindling stocks of farmland. Warming of winter temperatures should greatly increase the length of high latitude growing seasons, increasing the amount of land which is climatically appropriate for agriculture (Cramer and Solomon, 1993; Leemans and Solomon, 1993) . The vegetation of that land is almost entirely forested at present (Cramer and Solomon, 1993) . Conversion of forests to agriculture involves destruction and release to the atmosphere of above-ground biomass and subsequent decline of soil C.
The foregoing transient processes will not be as easily modeled as have been the constraints by climate. The time required for each process to operate varies, although it may be critical to policy considerations to note that the forces increasing net C sequestration require short time periods to implement (yrs to decades) while those increasing net C release do so over longer time periods (decades and centuries to millennia).
Potential Interaction of Climate Change and Land Use
What might be the effect on the global C cycle of these positive and negative feedbacks? There are few estimates of direct effects on total global terrestrial C storage of C fertilization and water use efficiency although oceanographers (e.g. Tans et al., 1990) and atmospheric physicists (e.g., Wigley, 1992) have attributed 1 to 2 Pg yr-1 to this sink, beyond all other terrestrial sources and sinks of C. Effects of climate change and continued deforestation of only the tropics suggests a C source of 4.2 to a sink of 1.3 Pg yr-I (Sampson etal., 1993) . Efficient vegetation management and management of vegetation specifically for C sequestration are thought to be capable of adding a C sink of 0.4 to 6.8 Pg yr-I (Ibid.). Smith and Shugart (1993) calculated effects of transient vegetation response as constraints on the global terrestrial C cycle, following an instantaneous climate change, for the GFDL and GISS scenarios, respectively, by parameterizing and aggregating C flux from regrowth after delayed migration (+0.22 to +0.26 Pg yr-1), forest succession (+0.41 to +0.66 yr-l), forest dieback (-2.48 to-2.39 yr-1), and soil C decomposition (-3.94 to -4.27 yr-1). It is notable that most procedures expected to sequester C by vegetation management, and most of the transient and climate change effects which result in C release, are mutually exclusive processes, i.e, they cannot both occur in the same place because the latter assumes stresses which would eliminate the former.
Summing these fluxes (tropical land use @ -4.2 to +1.3 Pg; efficient management @ +0.4 to +6.8 Pg; transient responses depending on climate scenario, @ -5.79 or -5.74 Pg) engenders a terrestrial C flux of -9.5 or 9.6 to +2.3 or 2.4 Pg yr-I during the next 50 to 100 yr, disregarding the possible countervailing effect of CO2 fertilization. The C fluxes summed here also do not include estimates of effects of shifting land uses permitted by climate change. These are assessed below.
PROJECTING CLIMATE-DICTATED AGRICULTURAL LAND USE
The approach we used for estimating agriculture effects is simple but practical; we defined an additional climate-dictated agriculture "biome" in the Biome Model of Prentice et al. (1992) . If agriculture is possible in a given location, it replaces any other biome (Cramer and . Mapped arable land (e.g., Hummel and Reck, 1979; Olson etal., 1983 ) is shown in Figure 2a . It is located within an "envelope" bounded by 2000 growing degree days (base 0 oC) and a ratio of actual evapotranspiration (AET) to potential evapotranspiration (PET) greater than 0.45 as calculated from the IIASA climate data base (Leemans and Cramer, 1991) . If mean coldest-month temperatures greater than 15.5 oC (the effective frost limit) occur and are accompanied by AET:PET exceeding 0.7 (Cramer and , the land also was excluded from the envelope, an area corresponding to the wettest of tropical regions where leaching of soil nutrients may make intensive and continuous cropping impossible.
The resulting geographic pattern of agricultural land (Figure 2b ) provides a good match for the actual pattern (Figure 3) . The cold and dry borders of agriculture in temperate and southern boreal regions are reproduced especially well. The most serious deficiency is the amount of land within the envelope; by definition, the envelope covers all land, while measured patterns demonstrate a more irregular distribution (Figure 2a) . This increased the total global agriculture land base defined by Olson, et al. (1983) by 39.5% and is most clearly problematic in tropical regions. We therefore reduced the agricultural land within the envelope. Part of the land which Olson et al. (1983) classed as agricultural is irrigated (ca. 16%), primarily in areas which the envelope defines as too dry to support crops. Hence, we assumed only 50.5% of the land within the agricultural envelope (in all biomes) was devoted to agriculture and the C pool effects of agriculture were calculated accordingly (Cramer and Solomon, 1993) .
Use of the Biome Model with an agriculture biome (Table 2) assumed the removal of all (Table 2) are not precisely the same as those generated by Biome 1.1 in Table 1 ].
CLIMATE-DICTATED AGRICULTURE UNDER FUTURE CLIMATES
The shift in geographic area capable of supporting agriculture is illustrated in Figures 3a  and 3b . We chose the GFDL climate scenario because the GFDL model was the most accurate GCM at reproducing the variables used for the agriculture projections (Cramer and Solomon, 1993) . Because most of the change occurs in the northern hemisphere, we have redrawn the map projection used in Figure 2 as a polar projection of today's ( Figure 3a ) and GFDL future (Figure 3b ) potential agricultural land superimposed on natural biomes.
The shift in agricultural land is extraordinary. All areas today covered by undisturbed circumpolar boreal forest virtually disappear under a cover of potential agriculture. Arable land fills the Scandinavian peninsula and all of European Russia along with the majority of Siberia, while the Northwest Territories of Canada and much of Alaska supports crops under the GFDL climate scenario. The agricultural invasion is almost entirely of now forested land (cf. Figure lb vs. 3a, b) , covering much of the area now apparently a northern hemisphere C sink (e.g., Kanppi et al, 1992; Kolchugina and Vinson, 1993; and being considered for C mitigation through tree planting activity .
The difference between C stocks under modern climate, and those under a doubled concentration of atmospheric CO2, is significant. With agriculture included in the calculation, C stocks increase above ground (20 Pg) decline in soils (-75 Pg) and thus, decline in the terrestrial biosphere as a whole (-55 Pg; Table 2 ). Geographic patterns apparent in Figures 3a and b suggest that the loss of C in soils occurs primarily because of the decline in area covered by high-C density boreal and tundra soils, and secondarily, in broadleaved evergreen forests. These suggestions are borne out by the C storage estimates by biome type provided in Table 3 . Table 3 : Estimates of total above and below-ground C content in Petagrams, stored in major biomes today and under greenhouse climate (derived from GFDL model). The values were generated by Cramer and Solomon (1993) using the BIOME model described by Prentice et al. (1992) . BIOME NAME Current Current Current GFDL GFDL GFDL biomass soil C Total C biomass soil C The disparity between biome estimates of warming impacts without agriculture (+16 Pg) and those with sparse agriculture (-55 Pg) is 71 Pg. Warming impacts with dense agriculture (-168 Pg) generates a 152 Pg difference. Cramer and Solomon used three other future climate scenarios to calculate the differences between no agriculture and sparse agriculture as 33 Pg (OSU scenario, Schlesinger and Zhao, 1989), 47 Pg (GISS scenario, Hansen et al., 1983) and 83 Pg (UKMO scenario, Mitchell, 1983) . In the perspective of reaching a climate associated with doubling of greenhouse gases in 50-100 yrs (e.g., IPCC, 1992), the averaged differences imply a terrestrial C source of about 0.6 to 1.2 Pg yr-1 which is not accounted for in model runs that exclude impacts of climate-mediated change in agriculture on the global C cycle. The same logic applied to a world in which all potential agricultural land was farmed produces a range of 1.4 to 2.8 Pg yr-1. These values exclude current estimates of nonclimatically induced tropical forest destruction, which result in that biome functioning as an average C source of 1.2-2.2 Pg yr-1 (Brown, et al., 1993; Sampson, et al., 1993) .
The foregoing model experiment provides an initial estimate of the impact agriculture could play in a future warmed world. History teaches us that the land use-related loss of 60 to 140 Pg of C in a century is not extraordinary. Houghton (1985) calculated that about 158 Pg of terrestrial C had been released to the atmosphere between 1860 and 1980 surveyed literature to tabulate a range of 90 to 180 Pg C flux from the land since 1800. These losses occurred in support of a much smaller global population, working with much less mechanized equipment than one would expect to be operating in the next 50 to 100 yr.
Discussion
The preceding analysis defined roles in the global terrestrial C cycle played by the natural processes controlling C flux, that is, the processes which will function as an indirect consequence of human activities on earth, rather than as a direct response to planned interventions. We first examined the processes controlling carbon fluxes of the past 20,000 yr, concluding that dominance by soil carbon dynamics generated a long-term C sink in the terrestrial biosphere, with effects of C starvation and decreased water use efficiency of probable importance during the LGM. We then examined the processes controlling present and future C fluxes, deciding that these will be very different from those dominating prehistoric C dynamics. The small carbon sink generated by soil C dynamics during the past 10,000 yr would be unlikely to produce much effect in a rapidly changing climate of the next century or so, while the processes which do respond to rapid climate change are predominantly associated with C release (e.g., forest dieback, incomplete tree life cycles, delayed tree immigration, soil C oxidation, and climate-mediated increases in potential agricultural areas).
We most closely examined the role in future C flux to be played by new agricultural land uses which would be permitted by a rapidly warming climate. Our analysis projected a source of C of 0.6 to 1.2 Pg yr-1 based on averaging four future climate scenarios and on imposition of climate from a doubled CO2 within 50 to 100 yr. The analysis assumed that future agriculture would occupy the same proportion of the land on which climate is adequate for agriculture today. That assumption may be conservative because climatically suitable but marginally productive farmland not used at present may be farmed if global population continues doubling every 35 years. Cramer and found 1.4 to 2.8 Pg C yr-1 was released from the terrestrial biosphere under the four climate scenarios if all land climatically suitable for agriculture was counted, than with a constant proportion of farmed to potentially-farmed land. The most probable contribution to terrestrial C release of future agriculture lies between these extremes.
The processes which reduce the amount of potentially-farmed land to the amount of land farmed depend upon the size of the human population to be supported, the level of mechanization of the farms, the nature of the soils, and the topographic relief. Of these, the first two vary over time and may be expected to increase the future proportion of land farmed.
The last two are temporally invariant, and can be predicted now with the proper data sets. For example, the thin soils of the Laurentian Shield in boreal Ontario and Quebec and the steep slopes of the Rocky Mountains are likely to be unproductive agriculturally under any future climate, while the rich peatlands of northcentral Siberia or of the Northwest Territories of Canada could become exceedingly productive if they could be successfully drained.
Some workers believe that the future C releases projected here could be reduced or even eliminated if the natural processes of C dynamics are modified by direct human intervention. A biomass management working group estimated the effects of such intervention techniques if fossil fuels were replaced by fuels from biomass and tree farms optimized carbon sequestration. They calculated 3.8 Pg yr-I would be sequestered if the international community was unanimously agreeable and successful at implementing these measures above local needs, and if the conflicting processes we discuss, which cause slow growth and tree dieback, do not operate.
